Two rounds of chromosome segregation after only a single round of DNA replication enable the production of haploid gametes from diploid precursors during meiosis. To identify genes involved in meiotic chromosome segregation, we developed an efficient strategy to knock out genes in the fission yeast on a large scale. We used this technique to delete 180 functionally uncharacterized genes whose expression is upregulated during meiosis. Deletion of two genes, sgo1 and mde2, caused massive chromosome missegregation. sgo1 is required for retention of centromeric sister-chromatid cohesion after anaphase I [1-3]. We show here that mde2 is required for formation of the double-strand breaks necessary for meiotic recombination. We tested and compared different knockout strategies and decided that the most efficient was to use constructs containing left and right homology regions 150-700 bp long cloned into a vector carrying dominant drug-resistance markers conferring resistance to nourseothricin (pCloneNat1) or hygromycin B (pCloneHyg1) (Figure 1 
We recently analyzed the consequences on chromosome segregation of deleting genes from the yeast S. cerevisiae whose mRNAs were upregulated during meiosis [9] . This identified a novel protein complex, known as monopolin, that is essential for centromere mono-orientation but surprisingly revealed no candidates for the protector of centromere cohesion.
We decided to adopt a similar approach in the fission yeast S. pombe. Recently released DNA microarray data of the meiotic transcriptional program of the fission yeast S. pombe enabled us to select 192 orphan genes (genes for which no function has yet been assigned) with 2.5-fold or more upregulated expression during the middle phase of sporulation, when meiotic recombination and chromosome segregation take place [10] . A key question was how best to delete this collection of genes. Large-scale knockout screens in fission yeast have been hindered so far by lack of an efficient knockout technique. A technique using long oligonucleotides (80 bp homology to the target sequence) [11] was employed in a pilot gene-deletion project [12] . As many as 20 out of 85 selected genes could not be deleted in a diploid strain, suggesting that this approach may not be suitable for large-scale screens [12] .
We tested and compared different knockout strategies and decided that the most efficient was to use constructs containing left and right homology regions 150-700 bp long cloned into a vector carrying dominant drug-resistance markers conferring resistance to nourseothricin (pCloneNat1) or hygromycin B (pCloneHyg1) (Figure 1 
Phenotypical Analysis of the Generated Mutants
Our host strain was a haploid homothallic h 90 strain that generates cells of both mating types. These conjugate those from sisters never separate. As a consequence, few if any binucleate cells contain more than two GFP dots ( Figure 3B) . Deletion of rec11 reduces sister-chromatid cohesion along chromosome arms, and it too permits rec8-RDRD mes1-B44 cells to undergo meiosis I, albeit less frequently than in rec12 mutants ( Figure  3A) . Importantly, 50% or more of rec8-RDRD mes1-B44 rec11 cells possessed more than two GFP dots, consistent with a sister-chromatid-cohesion defect ( Figure  3B ). Deletion of mde2 had a similar effect to that of rec12; namely, it permitted most cells to undergo meiosis I but despite this did not greatly increase the appearance of cells with more than two GFP dots ( Figures  3A and 3B) . These data suggest that mde2 might be defective in recombination but not sister-chromatid cohesion.
We next compared meiotic recombination in wildtype and mde2D mutant cells. The genetic distance in a For the intragenic crosses at ura4A and ade6, only the results for crosses of the type h + 5# mutation (mutations 13 and M26 are closer to the 5# end of the genes) × h − 3# mutation (mutations 10 and 469 are closer to the 3# end of the genes) are shown. These crosses yield higher prototroph frequencies than those with reciprocal mating-type configuration (see text). b n is the number of independent crosses analyzed. c For intergenic crosses, the genetic distance (d in cM) was determined according to Haldane: d = −50ln(1 -2{R/(R + P)}) with R standing for the number of recombinants and P for the number of colonies with parental genotypes. For intragenic crosses, the frequency of prototrophic recombinants was determined per million viable spores (ppm). The standard error of the mean was calculated when n R 3. Otherwise, the individual values are given in parentheses. d The results indicate free assortment, but linkage at 98.3 cM was found by Grishchuk and Kohli [35] , and this value was used for calculation of the reduction. cM (intergenic recombination) was determined in four intervals of 56 to 1027 kb in length: lys3-ura1 and leu2-lys7 on chromosome I, as well as mat1-ade1 and ade1-lys4 on chromosome II (Table 1) . Deletion of mde2 reduced recombination by 16-to 76-fold. This is a strong reduction of crossovers and is comparable to the values obtained for mutants defective in Rec12 or other proteins required for DSB formation in S. pombe meiosis [24-26]. Because lack of crossovers is expected to result in a segregation defect, spores from crosses homozygous for mde2D were scored for growth on solid medium by microscopy. Twenty-seven percent of 4600 spores had grown beyond the four-cell stage after 30 hr incubation. Again, 27% spore viability is close to what has been observed for other rec mutants defective in double-strand break (DSB) formation. This spore viability is higher than expected on the basis of random segregation (12.5%). The presence of an achi- Depending on the specific function of a recombination protein, the disruption of its gene may affect crossover (intergenic recombination) and conversion (intragenic recombination) frequencies differentially. Intragenic recombination was assayed by determining the frequency of prototrophic (wild-type) progeny in two-factor crosses of mutations residing in the same gene. Pairs of mutations in four genes were investigated: the hotspots ura4A and ade6-M26 on chromosome III, and the genes ade7 (chromosome II) and ade4 (chromosome I) yielding low prototroph frequencies (Table 1 ). The reduction of prototroph frequencies in mde2 − crosses varied between 580-and 1640-fold in comparison to the corresponding mde2 + crosses. These reductions are comparable to those observed in crosses with inactivated rec6, rec7, and, rec12 [24, 26].
One of the earliest steps required for meiotic recombination is formation of DSBs. To check DSB formation, we crossed the mde2D disruption into strain BS183 carrying the pat1-114 mutation (allowing induction of highly synchronous meiosis by temperature shift in haploid and diploid strains) and the rad50S mutation (allows formation but not repair of meiotic DSBs). This system of haploid meiosis has been used frequently for the study of DSB formation in fission yeast, because natural meiosis is not amenable for DSB analysis as a result of poor synchrony and fast DSB repair [29-31]. It has also been used to identify a DSB upstream of the ura4A gene (B.S., unpublished data). Meiotic timecourse experiments were performed with the strains BS183 (mde2D) and BS26 (mde2 + ). Fluorescence-activated cell sorting (FACS) analysis for DNA content showed that premeiotic DNA synthesis was completed in mde2 + at 4 hr and in the mde2 mutant at 3.5 hr after induction ( Figure 4A ). This shows that the meiotic program was successfully initiated in the mde2D mutant. A Southern blot of restricted DNA from cells harvested 0, 2, 4, 5, and 6 hr after induction is shown in Figure  4B . No DSB at ura4A was visible in mde2D, whereas it was prominent at 4, 5, and 6 hr after induction in the control. In fission yeast, meiotic DSBs throughout the genome can be analyzed by pulse field gel electrophoresis (PFGE) [31] . The three bands representing intact chromosomes are no longer visible 3 hr after induction of meiosis ( Figure 4C ). Instead, a smear of chromosome fragments is apparent. In rad50 + strains, the intact chromosomes reappear after DSB repair [31] . The chromosomes remain intact throughout the meiotic time course in the mde2 mutant ( Figure 4C) . We conclude that mde2 is a new member of the group of meiotic recombination genes required for DSB formation [32] .
Recently, the regulator gene mei4, responsible for expression of proteins required for meiosis (including mde2) was found to be necessary for DSB formation [33] . Surprisingly, Mei4 is not required for expression of the meiotic recombination proteins characterized so far (e.g., Rec12) [20]. Mde2 is therefore the first Mei4 target required for DSB formation.
In summary, we have developed an efficient and robust technique that allows generation of knockout mutants in the fission yeast S. pombe in large scale. We have designed a strategy for the cloning of knockout constructs for all predicted fission-yeast genes. We validated our knockout strategy on a selected group of 192 genes whose expression is upregulated during 
